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From Mechanics to Electronics: Influence of ALD Interlayers
on the Multiaxial Electro-Mechanical Behavior of
Metal–Oxide Bilayers

Johanna Byloff, Vivek Devulapalli, Daniele Casari, Thomas E. J. Edwards,
Claus O. W. Trost, Megan J. Cordill, Shuhel Altaf Husain, Pierre-Olivier Renault,
Damien Faurie, and Barbara Putz*

The applicability of metal-polymer thin films in flexible electronics
and space applications is fundamentally limited by the trade-off between
mechanical and functional performance. This study shows how atomic layer
deposited (ALD) amorphous AlOxHy interlayers (0–25 nm) directly control
the electro-mechanical functionality of sputter-deposited aluminum films on
polyimide substrates. Using uni- and equi-biaxial tensile testing with in situ
XRD and electrical resistance measurements, it is demonstrated that interlayer
thickness determines both deformation mechanisms and electrical strain
limits. Adding an ALD layer between the polymer substrate and the metal thin
film significantly improves the deformability of the system. While a single ALD
cycle enhances ductility, surprisingly a 1 nm AlOxHy interlayer causes early
electrical failure. Optimal performance—improved ductility, delayed cracking,
and maintained electrical conductivity under large deformation—is achieved
at 5–10 nm interlayer thickness. Beyond this range, embrittlement causes
early electrical failure through oxide-initiated cracking. The work establishes
quantitative design rules linking the nanoscale interface structure to
macroscale electro-mechanical performance, enabling flexible electronics with
tailored mechanical properties and enhanced electrical functionality. These
findings provide a direct pathway from fundamental interface engineering
to high-performance flexible devices operating under multi-axial deformation.
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1. Introduction

Thin metal films on polymer substrates
are critical components in flexible elec-
tronics and space technology applications.
In microelectronics, polyimide dielectrics
separate metal wires and vias for multi-
layer interconnect packaging,[1] while in
space applications, aluminum-polyimide
systems are essential for high-precision
instruments like the James Webb Space
Telescope’s sun shield subsystem[2] and
X-ray detector optical blocking filters.[3]

The combination of polyimide’s excel-
lent adhesion with aluminum[4] and good
thermal stability up to 400 °C[5] together
with aluminum’s conductivity, reflectiv-
ity, and cost-effectiveness[6] makes the
aluminum-polyimide system highly attrac-
tive for these demanding applications.
However, mechanical reliability remains a
significant engineering challenge due to
potential mechanical failure on the ba-
sis of film cracking or interfacial delami-
nation, which can compromise functional
performance and operational lifetime.[7]
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Metallic adhesion-promoting interlayers (Cr, Mo, W, Ta) are
known to induce stress concentrations that cause fragmentation
at low strains and lead to early system failure during mono-
tonic straining.[8–12] Similar limitations are observed in fatigue
testing,[13] even though the resulting bilayer structures (e.g. Au
/ Cr) may exhibit deformation mechanisms that benefit their fa-
tigue resistance: dislocation structures in the Au layer that evolve
into a geometrically necessary boundary parallel to the Cr-Au in-
terface impede further dislocation motion during cyclic in situ
TEM experiments.[14] Alternatively, we recently (2025) demon-
strated the use of a thin amorphous atomic layer deposited (ALD)-
oxide as an interlayer (IL) for flexible applications,[15] inspired
by intermixing reactions at the metal-polymer interface.[16] A 5
nm-thick ALD-AlOxHy interlayer facilitates ductility in the metal
film (Al) by enabling dislocation activity and localized plastic
deformation.[15] In addition tomechanical robustness, functional
properties can also benefit, as demonstrated by improved electri-
cal characteristics of flexible thin film transistors when adding a
20 nm-thick amorphous Al2O3 IL.

[17] Furthermore, atomic-scale
interface design has been shown to improvemechanical bonding
and conversion efficiency in thermoelectric devices.[18]

To establish design principles for flexible metal/ALD-oxide
bilayers and to reveal the deformation mechanisms governing
metal-oxide interfaces, we systematically varied ALD interlayer
thickness (0.14–25 nm) and investigated the electro-mechanical
response of Al-AlOxHy bilayers under different loading condi-
tions. Thin amorphous ALD-oxides can be extremely strong and
ductile provided they are defect-free. Limiting factors for low-
ering of defect content are layer thickness (number of ALD cy-
cles/growth per cycle) or H content (deposition conditions).[19]

For ALD-alumina, the identified thickness limit for brittle crack-
ing in Al/AlOxHy nanolaminate and multilayer architectures is
greater than or equal to 5 nm at a H content of 10.1 at%.[20–22]

Next to the polymer substrate, H content in the interlayer up
to 27.5 at% can be supported without embrittlement at 5 nm
thickness.[15]

In view of flexible applications, multiaxial mechanical char-
acterization of metal-ceramic bilayers is needed to evaluate the
anisotropic deformation properties of materials under different
loading ratios.[23–25] Thin metal films on polymer substrates (50
nm Ni,[26] 50–150 nm Al[21]) are stronger in equi-biaxial ten-
sion compared to uniaxial tensile loading. For ceramics, on the
other hand, load multiaxiality affects mechanical strength typi-
cally negatively (crystalline,[27] and amorphous[28,29] examples).
In a previous work,[21] the observed weakening of Al layers in
Al/ALD-aluminamultilayers under biaxial loading (which exhibit
strengthening in uniaxial tension) is attributed to biaxial weaken-
ing of AlOxHy (H content 10.1 at%) within themultilayers. Given
the important role of layer order and proximity to the polymer
substrate on the strength of flexible thin films,[30] this behavior
might not translate to bilayer films with ALD interlayers.
In this work, we report uni- and equi-biaxial tensile test-

ing with in situ X-ray diffraction (XRD), electrical resistance
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measurements[31–35] and post-mortem lateral and through thick-
ness fragmentation analysis of crystalline Al films (150 nm) with
amorphous ALD-oxide interlayers (0.14–25 nm thickness) on
flexible polymer substrates (50 μm thickness). Bilayers are fabri-
cated using a unique ALD-physical vapor deposition (PVD) clus-
ter setup with in-vacuo transfer capability (Figure 1, for a more
detailed schematic, see[15]). We demonstrate that the addition of
an ALD layer between the polymer substrate and the metal thin
film significantly improves the electrical performance of the Al
layer and the deformability of the whole system. Through in situ
XRD and peak broadening, it is possible to describe deformation
domains in crystalline Al layers.[36] Combining uni- and equi- bi-
axial loading, the complete biaxial stress dependence of plastic-
ity can be assessed.[37] These findings are compared to different
thin film mechanics models and placed in context with length-
scale dependent deformation behavior observed in other bi- and
multilayer architectures on flexible polymer substrates, demon-
strating how interlayer thickness governs the transition between
ductile and brittle deformation regimes. We establish a frame-
work describing mechanical behavior as a function of interlayer
thickness, enabling the rational design of flexible thin films with
tailorable properties and high interface quality.

2. Results

2.1. Structural Characterization

We use transmission electron microscopy (TEM) and preces-
sion electron diffraction (PED) orientation mapping to inves-
tigate whether the subsequently measured mechanical proper-
ties depend on the film microstructure. Figure 2 presents cross-
sectional overview bright field (BF) TEM micrographs and in-
verse pole figure (IPF-z) maps acquired in the out-of-plane di-
rection. For this analysis, focused ion beam (FIB) lift-out lamel-
lae were prepared from bilayer systems consisting of Al with an
amorphous interlayer (IL) deposited on a polyimide substrate.
As the interlayer is amorphous, only the Al layer can be seen
in the PED orientation maps. All Al films exhibit a uniform
thickness and grain size (reported in Table S2, Supporting In-
formation). The majority of grains are columnar and show no
preferred crystallographic orientation. In-plane orientationmaps
(Figure S1, Supporting Information) confirm the absence of tex-
ture. For the 25 nm IL system, the interlayer is clearly visible in
the TEM cross-section (Figure 2F i). At lower IL thicknesses (e.g.
1 nm), its visibility is reduced as a result of substrate roughness
and the finite lamella thickness. Additionally, the beam-sensitive
polyimide substrate suffered damage during FIB preparation and
TEM imaging, as evident in Figure 2D,E.

2.2. Uniaxial tensile testing

Figure 3A–F shows the evolution of the stress in the Al layer
(Al (111) Bragg peak) in the axial (𝜎x, black) and transverse (𝜎y,
grey) direction during uniaxial tensile testing as a function of
ALD interlayer thickness. All experiments presented here use a
constant polymer thickness of 50 μm. Residual stresses (green
symbols Figure 3) were measured before straining. Differences
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Figure 1. Overview of the synthesis process, sample design and characterization. Samples were produced in a combined ALD-PVD chamber, where the
ALD interlayer (IL) thickness was varied from 0 to 25 nm (0, 0.14, 1, 5, 10, and 25 nm thicknesses). All IL systems were strained uni- and biaxially with
in situ XRD and resistance measurements.

in axial and transverse values result from sample pre-loading to
ensure a flat film at the beginning of the tensile test. Full width
half maximum (FWHM) evolution corresponding to axial mea-
surements is given below each graph. FWHM evolution can in-
dicate changes in deformation behavior if the size of the diffrac-
tion domains (e.g. grains) stays constant. Changes in deforma-
tion behavior are, for example, a change from the elastic to plastic
regime due to a substantial increase in strain heterogeneities.[30]

It is important to note that uniaxial tensile testing of polymer-
supported films usually results in a biaxial stress state in the
metal thin film due to a difference in Poisson’s ratio (Δ𝜈 be-
tween film and substrate). From the two correlative datasets,
mechanical deformation characteristics equivalent to fracture or
yield stresses can be derived in the loading direction,[38] while
transverse measurements reveal delamination phenomena.[39] A
deviation from the linear stress-strain response in the axial di-
rection together with an increase in FWHM was used to deter-
mine 0.2% yield stresses (marked with red crosses). The corre-
sponding evolution of transverse FWHM, which shows a simi-
lar trend to axial FWHM, is provided as Figure S2 (Supporting
Information). No XRD signal is obtained from the ALD interlay-
ers due to their limited thickness and amorphous structure. Ad-
ditionally, the normalized recorded electrical resistance R∕R0 is
shown in Figure 3A–F as a function of applied engineering strain
𝜀x (dashed orange lines). It is expected to increase according to
R∕R0 = L∕L0 = (1 + 𝜀x)2 (solid orange line, gauge length L0 and
initial length L0

[40]) during loading until deviation (crack onset
strain, COS) due to film failure, either caused by necking-like
damage or cracking. Characteristic values derived from Figure 3
are summarized in Table S3 (Supporting Information) as a func-
tion of interlayer thickness.

The results of the uniaxial tensile testing campaign provide in-
sights into how the ALD interlayer thickness affects both the on-
set of plastic deformation and subsequent failure mechanisms.
By correlating stress evolutionwith peak broadening and changes
in electrical resistance, we can distinguish between systems that
fail due to brittle fracture versus those that accommodate strain
through ductile mechanisms.
It is evident from Figure 3A,C,E that Al films with 0, 1, and

25 nm ALD interlayer exhibit a stress-strain behavior character-
istic for through-thickness cracking and brittle deformation: a
pronounced peak in the axial (black) stress–strain curve at ≈2%
strain (crack initiation) followed by rapid relaxation of tensile
stresses before reaching a stress plateau, which can be attributed
to an overlap of stress relaxation zones at the crack edges.[41] Cor-
respondingly, the normalized electrical resistance deviates early
as through-thickness cracks start to form (low COS values), and
increases rapidly as the number of percolation paths for electrons
in the film is reduced (large R∕R0,max values, 2.5–3). Within the
three brittle film systems, the Al film with 1 nm ALD interlayer
exhibits the highest yield and ultimate tensile strength in the ax-
ial direction (660 ± 23 MPa, see Table S3 in Supporting Informa-
tion for a complete list of values), a higher plateau stress (ca. 400
MPa compared to 200MPa for 0 and 25 nm), and lower R∕R0,max,
while only the film with 25 nm interlayer exhibits a noticeably
higher COS. All films exhibit a narrow strain range from yield
to crack onset, with this region being virtually absent in the 1
nm film. Upon unloading, all brittle systems experience an ini-
tial drop due to load reversal, followed by a linear stress regime
and stress plateau.
Conversely, the Al films with 0.14, 5, and 10 nm ALD

interlayer exhibit more ductile stress-strain behavior with a
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Figure 2. Cross-sectional TEM images (i) and precession electron diffraction (PED) orientation maps (ii) of Al/polyimide bilayer systems. A) Al/PI
reference system without ALD interlayer. B) 0.14 nm ALD interlayer. C) 1 nm ALD interlayer. D) 5 nm ALD interlayer. E) 10 nm ALD interlayer. F) 25
nm ALD interlayer. The wavy interfaces in panels B i, D i, and E i result from damage to the beam-sensitive polyimide substrate during FIB sample
preparation and TEM imaging. Orientation maps were acquired in the out-of-plane direction; only the crystalline Al layer is displayed, as the ALD
interlayers are amorphous.

plateau-like stress evolution as necks (local thinning) progres-
sively develop after reaching the maximum strength, 𝜎xmax (high-
est value in Figure 3B,D,F). Additionally, maximum stresses are
reached at higher strain values after yielding. Determination of
𝜎xmax is facilitated through correlation of axial and transverse
datasets (good alignment between 𝜎xmax and 𝜎ymax ). Within the
sample series, the Al film with 5 nm IL can sustain the high-
est applied strains before reaching 𝜎xmax . As a result of enhanced
ductility and local plastic deformation (necking) in all films, the
COS values are shifted to ≈6% applied strain, where an electri-
cally critical neck density has formed, and R∕R0,max values re-
main low (1.5–2). This also results in an increased strain range
where yielding progresses (marked in green), but the electrical
resistance still does not deviate from theoretical values. For all
three film systems, the stress plateau upon unloading is less pro-
nounced compared to the brittle films discussed earlier.
Stress-strain curves recorded in the transverse direction have

two noticeably different shapes, following the clear distinction
between brittle and ductile film systems. The initial develop-
ment of tensile stresses before fracture (grey curves in Figure 3)
can be explained via a combination of Poisson’s ratio mismatch
and 2D shear lag,[38] as detailed in our previous publication.[15]

Once cracks/necks begin to form, transverse stresses drop in
all films (peak in grey curves, Figure 3), either through a re-
laxation mechanism or the build up of compressive stresses.
Upon unloading, brittle Al films (0, 1, and 25 nm IL) experi-
ence an increase in transverse stress, while ductile Al films (0.14,
5, and 10 nm IL) experience a decrease in transverse stress.
There is no evidence of buckling/local delamination in this
strain regime (relaxation of transverse compressive stresses dur-
ing loading[38]), confirmed by post-mortem SEM imaging. Upon
unloading, all films eventually return to a quasi-neutral stress
state.

2.3. Equi-biaxial tensile testing

Equi-biaxial loading conditions are particularly relevant for flex-
ible electronics applications where devices experience multidi-
rectional stresses during operation. Correlating X-ray diffraction,
FWHM, and electrical resistance measurements enables the pre-
cise identification of failure mechanisms and provides quantita-
tive metrics to compare system performance across different in-
terlayer thicknesses.
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Figure 3. Al film stress, normalized electrical resistance (orange), and FWHM in axial direction as a function of applied strain (loading and unloading)
measured from in situ uniaxial tensile experiments. A: Al/PI without ALD interlayer. B: 0.14 nm ALD interlayer. C: 1 nm ALD interlayer. D: 5 nm ALD
interlayer. E: 25 nm ALD interlayer. F: 10 nm ALD interlayer. Yield stresses are marked with a red cross. Residual stresses measured at the start and end
of each experiment are marked with a full (axial) or empty (transverse) green circle symbol. Note that in the transverse (grey) direction, films were only
strained to 8%. The strain range from yield stress to damage onset is marked with red or green areas for brittle and ductile systems, respectively. Brittle
cases are marked with a red frame, while ductile ones are marked with a green frame. Note that the 0 and 5 nm IL datasets (A and D) were reproduced
from ref. [15].
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Figure 4 summarizes the electro-mechanical deformation be-
haviour of the bilayers in equi-biaxial tension. The figure dis-
plays the changes in aluminum film stress (black curves), full
width half maximum evolution (blue curves, FWHM at 𝜒 = 90°

(=̂ 𝜓 0°), Al (111) peak) and measured and theoretical normal-
ized electrical resistance (orange curves) during loading and un-
loading for each IL thickness ranging from 0 to 25 nm. As with
the uniaxially tested samples, FWHMpeak broadening correlates
with higher defect concentrations and strain variations within the
metal thin film,[42,43] providing insight into different deforma-
tion domains.[26] Additional FWHM data for all 𝜒 angles can be
found in Figure S3 (Supporting Information). For all samples, a
change in data acquisition density to decrease the measurement
time resulted in a slight upward jump in FWHM values. Note
that for the 0 nm IL sample, FWHM at 𝜒 = 80° was used due
to better data quality. Correlation of the stress and FWHM evolu-
tion reveals four distinct deformation phases during loading:[30]

an elastic region (I) characterized by linear stress-strain relation-
ships and constant FWHM values; a micro-plastic region (II)
marked by curvature in the stress-strain relationship and increas-
ing FWHM as dislocations begin to form; a necking/localized
plastic deformation region (III) exhibiting constant or slightly
decreasing stress but FWHM increasing at a different rate; and
finally, a fragmentation region (IV) where stress decreases at a
higher rate, while FWHM remains constant. The normalized
electrical resistance reveals crack onset strain and offers a third
correlative dataset for region IV, even if it does not directly match
domain boundaries. Although theoretically possible, the sensitiv-
ity of the electrical resistance measurements is too low to detect
deformation related to region II and III. Compared to a stress
plateau in domain (III), decreasing stress in this region corre-
lates with earlier crack onset and leads to a rapid electrical resis-
tance increase in (IV). Post-mortem images of biaxially strained
samples will be discussed in the following section 2.4.
As with the uniaxially tested samples, the Al films with 0, 1

nm and 25 nm interlayer (Figure 4A,C,E) exhibit brittle defor-
mation behavior, with stresses decreasing as soon as the maxi-
mum stress has been reached. The 0 nm IL sample has the lowest
yield stress-COS difference (0.2%) of all samples, and the electri-
cal resistance deviates to very high values almost immediately.
For the 1 nm IL system, the beginning of necking in the Al film
(domain III) coincides well with the deviation of R∕R0 from the
theory line (COS). After the onset of fragmentation ≈4%, R∕R0
increases rapidly from 1.4 (25% deviation from theory line) to a
final value of 3 due to through-thickness crack formation. With
25 nm IL, R∕R0 deviates at 3.5% strain, well within the necking
regime (2%), but before fragmentation is detectable in film stress
and FWHMcurves (4%). Progressive through-thickness cracking
induces a rapid increase in electrical resistance with an R∕R0,max
value of 2.2. FWHM curves are similar for the three films, with
the 1 nm IL film attaining higher absolute FWHM values and
the 25 nm IL film plateauing in region IV. Additionally, there is
no increase in FWHM during unloading for the 0 nm IL film. As
with the uniaxially tested samples, the strain range between yield
and crack onset is reduced (1–2%) compared to the other sam-
ple group (0.14, 5, and 10 nm IL). Upon unloading, compressive
stresses accumulate linearly in the Al layers but do not reach a
plateau. Therefore, a compressive yield stress cannot be unam-
biguously identified. Best approximations based on a correlation

of a change in the linearity in the stress-strain curves and a si-
multaneous increase in FWHM (for most samples) are marked
in Figure 4 with blue crosses.
In contrast, Al films with 0.14, 5 and 10 nm thick ILs

(Figure 4B,D,F) show a more ductile deformation behavior with
a pronounced stress plateau (domain III) either immediately af-
ter reaching the yield stress (0.14 nm IL) or after a bending over
of the stress-strain curve (5 and 10 nm IL). Deformation in the
Al layer is detectable as an electrical resistance deviation toward
the end of domain III, at higher applied strains (≈5%) compared
to the brittle films. Fragmentation causes stress relaxation for
the 0.14 and 5 nm IL films after the plateau, whereby a steeper
drop causes higher R∕R0,max. As straining of the 10 nm IL film
stopped at 5.5%, the film does not experience electrical resistance
deviation within the tested strain range, and it is possible that
fragmentation would occur at higher strain levels. However, the
strain-stress curve until 5.5% strain and the uniaxial experiment
attest to ductile deformation. In contrast to the brittle samples,
the strain range between yield and crack onset is increased (3–
4%), attesting to more ductile deformation behavior for these
three samples. FWHMcurves are similar, whereby themaximum
values vary with IL thickness without any clear trend. It should
be noted that the Al films with 0 and 10 nm IL have higher initial
FWHM values compared to all other films, possibly because of
larger variations in grain size. After unloading, all ductile films
exhibit a compressive stress plateau. Compressive yield stresses
(blue crosses in Figure 4) were determined in the same manner
as for the brittle samples.
During unloading, all Al layers show incomplete FWHM re-

covery, with the 0 nm IL sample having the highest recovery
value. FWHMrecovery is defined as the percentage difference be-
tween the lowest FWHM unloading value and the starting value.
The lowest recovery value (57%) is observed with 0.14 nm IL, in
contrast to recovery values of 71–74% with 1, 5 and 25 nm IL
thickness. It should be noted that the 0.14 nm IL film system also
exhibits the highest absolute FWHMvalues at the end of loading.
Only the 0 and 10 nm IL films show almost full FWHM recovery
(87%), whereby the lower maximum strain value for the 10 nm
system could influence FWHM recovery. The 0 nm IL system has
a clearly distinct FWHM curve compared to all ALD interlayer
systems, with no increase in FWHM during the unloading pe-
riod.

2.4. Post-Mortem SEM

Film stress and electrical resistance evolution correlate with the
crack pattern that develops in the Al film. Post-mortem scan-
ning electron microscopy (SEM) images taken after straining are
shown in Figures 5 and 6 for different IL thicknesses. To enhance
deformation effects andminimize crack closure due to relaxation
of the polymer after unloading, representative examples strained
to 40% are shown for the uniaxial case.
Al films with 0, 1, and 25 nm IL (Figure 5A,C,E) show brit-

tle crack patterns perpendicular to the tensile direction. Buck-
ling induced by transverse stresses only occurs at high applied
strains ≈40%. The buckling behavior of these systems is not part
of the presented study and will be investigated in a forthcoming
work. The reference film without ALD has significantly longer
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Figure 4. Al film stress (black), FWHM (Al (111) peak, blue), and in situ normalized electrical resistance (orange) as a function of applied strain (loading
and unloading), measured from in situ XRD equi–biaxial tensile experiments. A: Al/PI without ALD interlayer. B: 0.14 nm ALD interlayer. C: 1 nm ALD
interlayer. D: 5 nm ALD interlayer. E: 25 nm ALD interlayer. F: 10 nm ALD interlayer. Grey vertical lines illustrate different deformation domains during
loading (I: elastic, II: micro–plastic, III: necking, IV: fragmentation). Measured residual and calculated 0.2% yield stresses during loading (tensile) and
unloading (compressive) are marked with green, red, and blue crosses, respectively. The strain range from yield stress to damage onset is marked with
red or green areas for brittle and ductile systems, respectively. Brittle systems are additionally marked with a red frame, while ductile systems are marked
with a green frame. Note that in A, the R∕R0 scale is different and that in F, the 10 nm ALD interlayer sample was only strained to 5.5%. The 5 nm IL
dataset (D) was adapted from.[15]

Adv. Funct. Mater. 2025, e26343 e26343 (7 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Post-mortem SEM images of Al thin films strained uniaxially to 40%. A: Al/PI without ALD interlayer. B: 0.14 nm ALD interlayer. C: 1 nm ALD
interlayer. D: 5 nm ALD interlayer. E: 25 nm ALD interlayer. F: 10 nm ALD interlayer. Cracks are indicated with white arrows, while necking is indicated
with blue arrows. The tensile direction is indicated with a double-headed white vertical arrow. Local delamination (buckles, marked with white circles)
only form at strain level close to 40%, and are not considered in this work.

cracks than the other two systems, but a comparable saturation
crack spacing 𝜆sat to 1 nm IL (distance between cracks, 𝜆sat,0nm
= 4.41 ± 1.42 μm, 𝜆sat,1nm = 4.52 ± 1.29 μm). With 1 nm IL,
the Al film exhibits angled cracks comparable to ductile systems,
however, cracks are more open. Pronounced opening of cracks

has been reported for Al films after extreme thermal cycling, ac-
companied by a higher normalized electrical resistance.[44] Be-
tween open cracks, there is little deformation and a significant
amount of tensile-induced delamination (buckles, marked with
white circles). With 25 nm IL thickness, the Al film exhibits the

Adv. Funct. Mater. 2025, e26343 e26343 (8 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Post-mortem SEM images of equi-biaxially tested samples. A: Al/PI without ALD interlayer. B: 0.14 nm ALD interlayer. C: 1 nm ALD interlayer.
D: 5 nm ALD interlayer. E: 25 nm ALD interlayer. F: 10 nm ALD interlayer. Cracks and necks are indicated with white and blue arrows, while hillocks grown
during the deposition are indicated with white circles. Double-ended arrows indicate the tensile directions.

straightest cracks and a smaller crack spacing (𝜆sat,25nm = 3.69
± 1.25 μm). In contrast, Al films with 0.14, 5, and 10 nm thick
ILs (Figure 5B,D,F) show ductile cracking behavior with short,
angled cracks, as well as necking / damage between cracks. In
particular, the Al film with 0.14 nm IL exhibits the largest crack
spacing in the ductile series (𝜆sat,0.14nm = 3.83 ± 0.69 μm).

Equi-biaxially tested samples exhibit typical mud-crack
patterns,[26] shown in Figure 6. Cracks visible on the surface
are indicated with white arrows, necking with blue arrows, and
growth hillocks with white circles. Within the sample series, the
reference Al film without ALD (Figure 6A) shows a distinctly
different brittle cracking behavior, with sharp-edged fragments

Adv. Funct. Mater. 2025, e26343 e26343 (9 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. FIB/SEM cross-section images of cracks (i) and FWHM curves at 𝜒 = 90 and 20° (ii) of thin film systems strained to 12%. A: 10 nm ALD
interlayer system. B: 25 nm ALD interlayer system. Note that the FWHM curves were only recorded to 5.5 and 7%, respectively. The modes of damage
initiation (through Al layer necking (A) or interlayer fracture (B)) are shown schematically next to the cross-sections. The white vertical stripes in B i are
FIB damage to the substrate due to polishing the cross-section. For FWHM curves at 𝜒 = 90° (blue), the increase is marked with a blue dotted line
(domain II), while the increase of the 𝜒 = 20° FWHM curve (A ii, red) is marked with a red arrow.

forming. All other samples show mud-crack patterning with
smaller fragments, but cracks are sparse and very difficult to dis-
tinguish up to an IL thickness of 10 nm, due to the lower applied
strain.
In the film thickness direction, FIB/SEM cross-sectioning

of samples strained to 12% reveals crack origin and morphol-
ogy, as seen in Figure 7A,B i. Representative cracks in the 10
and 25 nm IL systems are shown, to provide two contrasting
datasets (ductile and brittle deformation) and to ensure that the
IL can still be resolved. With 10 nm IL thickness, the crack
propagates from the surface, initiated through necking of the
Al film, while the interlayer remains intact. In contrast, with
25 nm IL thickness, fracture occurs at the interface, with a de-
fect occuring at the ALD-substrate interface, facilitating dam-
age of the Al film. These differences in crack morphology might
play a role in the corresponding FWHM evolution recorded at
𝜒 = 90° and 20° (blue and red curves in Figure 7 ii, respec-
tively). At 𝜒 = 20° (=̂ 𝜓 = 70°), due to high sample tilt, in-
plane changes in the thin film are predominantly measured.[45]

Data recorded at 𝜒 = 90° represents the out-of-plane measure-
ment direction. For the 10 nm IL system, FWHM increases
in both angles (abruptly in 𝜒 = 20° at 0.7% strain), while
with 25 nm IL, the 𝜒 = 20° curve stays constant through-
out loading. The origin of this difference is subject of ongoing
investigations.

3. Discussion

We can conclude from the uni- and biaxial test campaigns that
varying the thickness of the ALD interlayer between the poly-
imide substrate and the Al thin film over two orders of magni-
tude does not yield a linear trend of mechanical response. Rather,
it divides the series into threemore brittle (0–1–25 nm) and three
ductile (0.14–5–10 nm) thin film systems. This non-linear transi-
tion between brittle and ductile electro-mechanical behavior re-
flects fundamental changes in deformation mechanisms at the
metal-oxide interface. Responsible competing mechanisms re-
lated to substrate functionalization, ALD-oxide layer consolida-
tion, and thickness-dependent intrinsic ductility of ALD-oxides
will be detailed in the following paragraphs.

3.1. Governing Mechanisms at Different ALD Interlayer
Thicknesses

Independent of the loading condition, the reference Al film
without ALD shows the most brittle behavior within the se-
ries (straight through-thickness cracks in Figures 5 and 6).
The brittleness compared to literature originates from the spe-
cific interface and microstructure under the chosen deposi-
tion conditions.[21,46,47] This implies that chemical reactions

Adv. Funct. Mater. 2025, e26343 e26343 (10 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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responsible for interfacial intermixing are compromised at RT
and that additionally, the small Al grain size impairs ductility. For
further details readers are referred to our recent publication.[15]

Considering that one ALD cycle (0.14 nm IL) does not result in
full surface coverage (process dependent, 40%[48] Al2O3 on PI),
we attribute the observed Al ductility in this configuration to en-
hanced chemical intermixing at the interface rather than the IL
itself. This means viewing the 0.14 nm interlayer as a surface
activation mechanism, adding functional groups to the polymer
surface[49] similar to plasma treatment. Surface activation facil-
itates intermixing reactions with subsequently deposited metal
atoms;[49] the resulting native interlayer benefits adhesive and
mechanical properties by promoting annihilation of dislocations
at the interface.[46]

In our recent work, we compare the performance of a 5 nm
ALD interlayer to a 5 nm intermixed interlayer and demonstrate
how the added ductility of the Al film with 5 nm ALD compared
to the brittle Al reference film is a direct result of the interface
structure[15] (published in 2025). The ALD-interlayer’s ability to
enable dislocation activity and localized plastic deformation in
Al does not extend to 1 nm thickness, the problem likely being
incomplete coalescence of ALD. On polyimide substrates, uni-
form and dense growth of the ALD layer is predicted from ≈3
nm (20 cycles).[48] Below this thickness cut-off the ALD layer
follows an island-growth mode.[50,51] Resulting ALD islands lo-
cally inhibit intermixing reactions and native interlayer forma-
tion between subsequently deposited Al atoms and the PI sub-
strate, creating an inhomogeneous and mechanically weak in-
terface. However, a continuous 1 nm ALD interlayer is expected
to perform at least as well as its 5 nm counterpart based on ob-
servations in nanolaminates.[20,52] The transition from ALD is-
lands to a coalescent layer is faster if the number of nucleation
sites is higher, which could be achieved by preceding plasma
treatment.[49,53]

When increasing the ALD-IL thickness from 5 to 10 nm, Al
films remain ductile due to intrinsic IL ductility, evidenced by
the intact IL in crack cross-sections (Figure 7A i) after 12% ap-
plied strain. In contrast, at 25 nm IL thickness, all analyses at-
test brittle deformation behavior to the Al films and the IL it-
self. These findings align with reports on ALD-oxides becom-
ing intrinsically brittle and mechanically weak with increasing
layer thickness, even though the critical thickness values vary.
In Al/Al2O3 nanolaminates, comparable oxides are brittle al-
ready from a thickness of 9.4 nm in both uniaxial and equi-
biaxial tension.[21,22] Similar behavior was found in micropil-
lar compression, where oxide layers fractured with thicknesses
above and including 5 nm.[20] In flexible thin film transistors,
the electrical performance only degrades once the amorphous
Al2O3 IL is thicker than 30 nm.[17] Compared to nanolaminates,
the Al2O3 layer is closer to the PI substrate in the transistor
design. This further underscores the critical role of layer or-
der, as proximity to the polymer substrate is expected to en-
hance ductility.[30] At higher oxide thicknesses of 50 nm, Al2O3
films deposited directly onto a Polyimide substrate were found
to fracture starting at 0.77% strain.[54] Additionally, at these ox-
ide thicknesses, the ALD layer has a higher volume fraction in
the total system, which is another contributing factor to brittle
behavior.

3.2. Von Mises Biaxial Yield Surface and Strengthening
Mechanisms

All Al films (brittle and ductile) showed a certain nonlinearity
in the stress-strain curves before mechanical failure. Once un-
loaded, all systems finished in a higher compressive stress state,
further proof of plastic deformation. Therefore, experimentally
determined uniaxial and biaxial yield stresses were used to calcu-
late the complete biaxial stress dependence of Al layer plasticity
using the von Mises yield criterion (1913), similar to.[21,37] If a
material breaks in the elastic domain (classic definition of brit-
tle), the yield surface from Von Mises criteria is no longer valid.
The calculated von Mises ellipses are shown in Figure 8A for

all IL thicknesses, also including the reference Al film without
ALD interlayer. Uniaxial data points are marked with open sym-
bols. Due to the Poisson’s ratio difference betweenmetal film and
polymer substrate, nominally uniaxial experiments are by nature
slightly biaxial. To determine the axial and transverse 0.2% yield
stress components (marked with red crosses in Figure 3) for uni-
axially strained samples, a deviation from the axial linear stress-
strain response together with an increase in FWHM was consid-
ered. Equi-biaxial datapoints are marked with filled symbols. The
higher density of acquired data points during equi-biaxial test-
ing enables determination of 0.2% yield stresses from measured
stress-strain curves via the strain offset method.
The shapes of all calculated ellipses support the validity of the

von Mises theory for our sample series. The reference film (0
nm IL sample) is the least eccentric (most round), evidencing
more brittle behavior comparable to Al films tested in ref. [21].
To quantify the ellipse shape, the aspect ratio a, defined as the ra-
tio between minor and major axes of the ellipse, was calculated.
Aspect ratio values range from a0.14nm = 0.19 to a0nm = 0.54. No-
tably, samples exhibiting brittle deformation behavior (0, 1 and
25 nm) have larger aspect ratios (= lower eccentricity) of 0.54,
0.45, and 0.30, respectively, which aligns well with previous re-
search findings.[21] Furthermore, all Al films demonstrate greater
strength in equi-biaxial loading conditions, consistent with the
prediction that metallic thin films perform stronger under equi-
biaxial testing (e.g. 50 nm Ni, aspect ratio 0.4).[26] The difference
is most pronounced for Al films with 0.14 and 5 nm IL. With
increasing oxide thickness, where oxide deformation or fracture
progressively dominates Al yield,[21] Al in Al/Al2O3 nanolami-
nates previously demonstrated weaker performance only when
subjected to biaxial tension (ALD-oxide thickness 0.14–9.4 nm).
This resulted in a higher eccentricity and inversion of the corre-
sponding ellipses, however, it is not the case for 10 and 25 nm
IL samples in our study. Thus, even though a higher interlayer
thickness leads to lower yield stresses (10 and 25 nm samples), it
does not strongly influence one loading case in particular.
The unloading portion of the equi-biaxial straining experiment

provided compressive yield stress values, marked as squares in
Figure 8A. It is important to note that these films had already ex-
perienced tensile loading and were not in a pristine stress state.
Nevertheless, most values correspond well with the von Mises el-
lipses calculated using loading values, except the 0 and 1 nm IL
samples. Only the 0 nm IL sample deviates completely, likely due
to extensive through-thickness cracking. Unloading stress values
from the uniaxial experiment were excluded from our analysis
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Figure 8. Von Mises yield surface and calculated yield stress components for different ALD IL systems. A: Biaxial stress dependence of plasticity of
Al/IL/PI systems using the von Mises yield criterion. Data points obtained from uni- and equi-biaxial tensile testing are included on the right side using
open and closed circle symbols, respectively. For comparison, equi-biaxial unloading yield stresses are included in the lower left quarter. Calculated
aspect ratios, a, for all ellipses are displayed in the respective color. B: Calculated yield stress components for different IL thicknesses compared to
experimental values. The Al layer-top oxide (Nix model) and Hall-Petch contributions were considered for all IL systems. For the 0, 0.14, and 1 nm cases
a substrate-Al layer interaction was considered, while for the 1, 5, 10, and 25 nm IL cases an interlayer-Al layer interaction was taken into account.

due to the ambiguity in distinguishing between crack closure
and film deformation effects. Uniaxially, films were tested to 12%
strain, almost double the value of the equi-biaxial straining exper-
iment (7% strain).
To account for the effect of layer thickness, grain size, and in-

terface type on yield stress, our experimental data is compared
to different thin film mechanics models. The Nix model com-
bined with the Hall-Petch (H-P) relation[55,56] provided the best
fit (Equation 1 and 2, pink crosses and multi-colored bar chart
in Figure 8B). The Nix model considers the deposition of dislo-
cation segments during dislocation glide at the top and bottom
interfaces of the metal film[55] as the main contributor to thin
film strength. In contrast to the Thompson and sourcemodels,[32]

both the top and bottom interfaces are taken into account. To
account for grain size, a Hall-Petch term (Equation 2) has been
added to the calculated yield stress 𝜎yield,Nix. This approach allows
for the separation of different contributions to the yield stress,
namely the top native oxide-Al layer interaction (grey bars in
Figure 8B), the Al grain size (Hall-Petch relation, blue bars in
Figure 8B), and the polymer substrate or interlayer-Al layer in-
teraction (light blue and green bars in Figure 8B). All of these
components are influenced by the Al film thickness h. A com-
parison of the theoretical yield stresses calculated using different
approaches (Nix+H-P, Thompson, and source models) with the
experimental data can be found in the supporting information
(Figure S4).

𝜎yield,Nix+H−P = 3.464 ⋅ b
2𝜋 ⋅ (1 − 𝜈) ⋅ h

⋅

[
𝜇f ⋅ 𝜇

𝜇f + 𝜇
⋅ ln(

𝛽 ⋅ t
b
)

+
𝜇f ⋅ 𝜇o
𝜇f + 𝜇o

⋅ ln(
𝛽o ⋅ tTO

b
)

]
+ 𝜎yield,H−P (1)

was used for yield stress calculations in Figure 8B, with the H-P
contribution[56] described as:

𝜎yield,H−P = 𝜎0 + K ∗ d−
1
2 (2)

Variables are defined as 𝜎0 = 11.3 MPa (bulk strength of Al),
K = 0.07 MPa m

1
2 (Hall-Petch constant),[57] b = 0.286 ∗ 10−9m

(Burgers vector), 𝛽o = 17.4, 𝛽s = 2.6 (constants), 𝜇f = 24.8 GPa,
𝜇o = 178.9GPa,𝜇s = 1GPa (shearmoduli of film, oxide, and sub-
strate), 𝜈 = 0.31 (Poisson’s number of Al), t (IL or Al layer thick-
ness) and tTO (native top oxide thickness). In Equation 1, the first
term in square brackets describes the substrate or interlayer-film
interaction, while the second term represents the film-top oxide
interaction. For the 0, 0.14, and 1 nm IL systems a substrate-Al
layer interaction was considered in the first term (substrate con-
stants 𝜇s, 𝛽s, and Al film thickness h for 𝜇, 𝛽, and t, respectively).
For the 1, 5, 10, and 25 nm IL systems, an oxide interlayer-Al layer
interaction was considered (oxide interlayer constants 𝜇o, 𝛽o, and
IL thickness tIL for 𝜇, 𝛽, and t, respectively). Dependent on the Al
layer thickness and measured grain size, an adapted correction
factor ranging from 1 (infinitely thick layer) to 𝜋

2
(infinitely thin

layer) was applied to the grain size before the calculation.[58] All
calculated values are compared with those measured experimen-
tally (violet points) in Figure 8B.
For the reference Al film without an ALD interlayer, the model

fits the system performance (10% deviation from the experimen-
tal value). This is comparable to a previous study of magnetron-
sputtered Al on polyimide, where the same model was used.[15]

In contrast, the 0.14 nm IL system has a significantly higher
yield stress than predicted. This is possibly due to enhanced
chemical interactions between Al and PI forming an additional
interlayer whose contribution is not taken into account by the
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model, therefore underestimating the system strength. In both
cases, the main contributions to theoretical strength are the Al
microstructure and native top-oxide. For the 1 and 5 nm IL sys-
tems the model shows a good fit, when taking into account the
alumina interlayer. Even though our 1 nm ALD deposition is
likely not continuous, as previously discussed, the model cap-
tures the experimental strength increase well. This is compara-
ble to similar passivated metal layer systems investigated in ref.
[32], where theNixmodel slightly underestimated the yield stress.
For the 10 and 25 nm IL systems the experimentally measured
values fall short of the calculated yield stress, which can be at-
tributed to oxide embrittlement. Post-mortem cross-sections in
Figure 7B support stress concentrations at oxide fracture sites
as the origin of Al embrittlement, similar to what has been
observed in the case of adhesion-promoting Cr interlayers.[11]

The Al crack coincides with interlayer fracture, which in turn
has been shown to facilitate necking and through-thickness
cracking.[10]

FWHM recovery during unloading serves as an additional
parameter to identify strengthening mechanisms. All tested Al
films show limited FWHM recovery, which is indicative of dislo-
cations being blocked by the interface.[22,26] Full recovery is asso-
ciated with partial dislocation nucleation and absorption at grain
boundaries for grain sizes or film thicknesses < 100 nm.[21,59]

A reduced recovery percentage points toward the ALD interlayer
promoting dislocation storage in the metal film. However, the
0.14 nm IL system also shows reduced FWHM recovery, possibly
involving a yet-undisclosed mechanism. In contrast, dislocations
have been shown to disappear in the native interface,[46] while the
native Al oxide on top acts as a dislocation barrier.[54] Amorphous
oxides deform through strain localization in defects[60] or forma-
tion of shear bands, rather than confined layer slip (blocking of
dislocations at the interface, model used above), which is only
valid for crystalline nanoscale layers.[61] However, at such low ox-
ide thicknesses, it is possible that the local volume is too small
to accumulate enough energy for shear band formation, and
this deformation mechanism is suppressed.[20,62] Consequently,
if shearing of the interface is not possible, grain sliding or rota-
tion is not easily accommodated, resulting in a strengthening ef-
fect of the interface. At higher oxide thicknesses, sufficient energy
can be accumulated, and shear is possible, subsequently weaken-
ing the interface.

3.3. Correlation Between Mechanical and Electrical Failure

Regardless of the origin of plasticity, all ductile systems (0.14,
5, and 10 nm IL) show a large difference 𝛥 in the applied
strain value between Al yielding measured by XRD and dam-
age/crack onset based on deviation of the electrical resistance
from the theory (COS). The increased necking and short cracks
for these systems (Figure 5) are numerous enough to affect
the X-ray measurements but leave enough paths for electrons
to percolate, not affecting electrical resistance measurements
and delay electronic failure. This is an indication that a cer-
tain critical crack density (rather than a single crack as in brit-
tle films[63]), triggers electronic failure. For brittle samples (0,
1, and 25 nm IL), the delta between applied strain at yield
and COS is (sometimes negligibly) small. The 25 nm IL sys-

tem consistently exhibits the largest delta within the brittle se-
ries. Therefore, the crack pattern developing from stress con-
centration at oxide fracture sites can be considered (electri-
cally) more damage tolerant compared to an inhomogeneous
interface. For biaxial straining, COS occurs consistently be-
fore domain IV (fragmentation) is identified in film stress and
FWHM curves. This indicates that for 2D structural defects
(mud-cracks) electrical resistance measurements are a more sen-
sitive indicator for cracking than XRD. Generally, residual com-
pressive stress levels in a thin film also shift crack onset to
higher applied strains. For 50–100 nm-thick ALD-AlOxHy films
on fused silica, tensile residual stresses have been reported.[64]

The measured evolution of residual stress in the Al layers as a
function of IL thickness (see Figure 4) mirrors the thickness-
dependent stress evolution reported for ALD-Alumina on PI,[65]

whereby higher tensile stresses in Al2O3 induce compressive
stress in Al.
Crackmorphology in the Al film changes distinctly in the pres-

ence of the ALD interlayer. Structural modifications at the inter-
face have also been found to alter crack propagation behavior in
other cases.[66] When strain localization occurs at the interface,
it promotes straight through-thickness crack formation[8] and
brittle failure. In contrast, well-bonded films exhibit enhanced
strain accommodation and subsequently develop zigzag crack
patterns.[67] Average crack lengths, difficult to determine from
post-mortem SEM images, were calculated using the quantitative
FEM-basedmodel described in ref. [68]. Themodel usesR∕R0,max
and the saturation crack spacing 𝜆sat (through-thickness cracks
only) for each sample. As crack density saturates after a certain
point, the increase in normalized electrical resistance can solely
be ascribed to an increase in crack length.[69] To account for awide
range in crack spacings, a range of crack lengths was calculated
using standard deviations of the measured saturation crack spac-
ing 𝜆sat. Calculated crack lengths corroborate post-mortem SEM
images shown in Figure 5, with shorter cracks for ductile IL sys-
tems (l0,0.14nm = 2.0–5.1 μm, l0,5nm = 1.7–5.8 μm, l0,10nm= 1.5–3.3
μm), and longer cracks for brittle systems (l0,0nm = 28.1–54.9 μm,
l0,1nm = 8.7–15.6 μm, l0,25nm = 4.9–10.0 μm).
Although crack spacing alone cannot unambiguously deter-

mine ductility due to its statistical variability, crack length—
derived from saturation crack spacing and the R∕R0,max ratio—
serves as a reliable ductility indicator. Shorter cracks dissipate
energy through a plastic deformation component, which is cru-
cial for ductile deformation. In situ XRD tensile testing data
with electrical resistance measurements can be quantified by
calculating the above mentioned strain difference 𝛥 between
COS and yield strain (green and red areas in Figures 3 and
4), providing a meaningful ductility metric. Systems with 𝛥 >
2.5 exhibit ductile deformation characteristics, with a more pro-
nounced difference between ductile and brittle systems for uni-
axially tested samples. This criterion may serve as a practi-
cal design parameter for assessing the mechanical behavior
of novel thin film systems. A graph that summarizes crack
length, spacing, and 𝛥 is shown as Figure S5 (Supporting
Information).
Finally, in Figure 9, the behavior of our films is compared to

multi- and bilayer systems with ductile and brittle components
previously reported in the literature.[9–12,21,30,31,70] The deforma-
tion map shows possible layer combinations (with modulation
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Figure 9. Length-scale-dependent deformation of thin films with brittle and ductile components. For our data, tductile denotes the Al film thickness, while
tbrittle refers to the AlOxHy IL thickness. The grey region corresponds to a physically inaccessible region due to the ALD monolayer limit of 0.14 nm.
Trend lines indicate the thickness of the brittle interlayer. Ductile samples are marked in green, while brittle samples are marked with red symbols.
Our datapoints are marked with light blue highlighting and round symbols, while literature datapoints are bordered in black and marked with symbols
detailed in the legend. From a modulation ratio of 0.1 or lower, ductile deformation behavior dominates. The asterix on the 1 nm AlOxHy IL sample
denotes brittle deformation behavior due to incomplete ALD layer formation for this interlayer thickness. Note that nanolaminate samples with a fully
formed 1 nm ALD layer are ductile for similar Al layer thicknesses (green crosses).

period 𝜆 = tbrittle + tductile and modulation ratio 𝜂 = tbrittle
tductile

, where t

is equal to the film thickness) and dashed guidelines that cor-
respond to the respective brittle layer thickness. For samples in
this work, tductile refers to the thickness of the Al layer, while tbrittle
denotes the AlOxHy IL thickness (even though ductile at low
thicknesses). The physically inaccessible region in grey is drawn
based on the ALD thickness limit of one monolayer (0.14 nm for
Al2O3). Generally, data points becomemore sparse at lower mod-
ulation ratios, due to fabrication-dependent minimum thickness
required for continuous films. Our samples (highlighted in blue)
fit well into the predicted literature trend of preserved ductility
(green data points) at the modulation ratio 𝜂 ≤ 0.1. The exception
to this trend is the 1 nm IL sample, which shows brittle deforma-
tion behavior due to incomplete ALD layer consolidation yielding
an inhomogeneous interface. However, samples in which the 1
nm IL formed fully (Al/ALD-Al2O3 nanolaminate systems, green
crosses in Figure 9, data unpublished) show ductile deformation
behavior. Themodulation ratio 𝜂 represents a valuable design pa-
rameter for flexible thin film systems in electronics and space
applications, where values below 0.1 indicate expected ductile de-
formation behavior.

4. Conclusion

Uni- and equi-biaxial tensile straining with in situ XRD and
electrical resistance measurements was carried out on sputter-
deposited Al films on polyimide with amorphous atomic-layer-
deposited (ALD) AlOxHy interlayers (IL) of varying thicknesses

(0–25 nm). ALD interface engineering significantly improves the
deformation behavior of the Al thin film. It is demonstrated that
increasing IL thickness over two orders of magnitude does not
yield a linear response in mechanical behavior. Instead, the com-
plex interplay of interface homogeneity and oxide layer deforma-
tion divides the sample series into three ductile (0.14–5–10 nm)
and three brittle (0–1–25 nm) cases. ALD can be used to enhance
native intermixing (0.14 nm IL) or replace the native interlayer
(5 and 10 nm IL), which facilitates Al ductility. Embrittlement at
low (1 nm) and high (25 nm) IL thicknesses has different ori-
gins: below 3 nm, ALD island-growth on polymers yields an in-
homogeneous interface with stress concentrators. Above 10 nm
thicknesses, the ductile-to-brittle transition inherent to the oxide
IL controls the system behavior through fracture, causing stress
concentration and Al through-thickness cracking. The margin
between mechanical and electrical failure criteria (𝜎y and COS)
is proposed as a quantitative measure of ductility. Our bilayers
fit well within literature in a length-scale-dependent deformation
map, and the modulation ratio 𝜂 (= tIL∕tductile) is presented as a
design parameter for flexible thin film systems. In flexible ap-
plications, from electronics to the space industry, additional con-
straints on individual layer thickness may arise from device func-
tionality (e.g., surface protection, diffusion barriers, or electrical
insulation). Therefore, understanding these competing mecha-
nisms is all the more crucial for establishing design principles
that enable device conformability over large strain ranges. Be-
yond immediate applications in flexible electronics and space
technologies, our findings provide fundamental insights into
how competing deformationmechanisms at heterointerfaces can
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be leveraged to create materials with programmable mechanical
and electrical responses.

5. Experimental Section
Synthesis of Bilayer Systems: Aluminum thin films (approx. 150 nm

thick) were deposited on polyimide substrates (50 μm thickness, DuPont
Kapton HN) via physical vapor deposition (PVD, magnetron sputtering),
with and without amorphous (am)-AlOxHy interlayers. The interlayers
were deposited via room temperature (RT)-ALD using the following pulse-
exposure-purge precursor sequence: Al(CH3)3 (TMA, Dockweiler Chem-
icals GmbH), 0.2–0.5–20 s and H2O, 0.15–1–20 s for 1, 6, 36, 70, and
179 cycles; nominal thicknesses 0.14, 1, 5, 10, and 25 nm. The deposi-
tion resulted in an am-AlOxHy layer with a measured growth per cycle
(GPC) of 0.14 nm, consistent with RT alumina ALD processes.[71] The
polymer substrates were pre-cut into testing geometries (tensile strips
of 5 × 0.6 cm and cruciforms with an arm width of 20 mm see[72]) to
eliminate the need for post-deposition processing that might affect edge
integrity. All substrates underwent ultrasonic cleaning in sequential ace-
tone and isopropanol baths (5 min each) prior to deposition. The de-
position setup consisted of a hybrid ALD-PVD system (SwissCluster SC-
1,[15,52] similar in design to[73]), using two planar high-purity Al targets
(diameter 50.8 mm, purity 99.999%, HMW Hauner GmbH) positioned
equidistant from the non-rotating substrate. The aluminum layer sput-
tering parameters (summarized in Table S1 in the supporting informa-
tion) include a current of 280 mA, a base pressure lower than 2.2 × 10−6

mbar, a working pressure of 7–10 × 10−3 mbar and a combined deposition
rate between 0.075–0.157 nm s−1. For the cruciform substrates, a mask
was used to deposit 1 cm × 1 cm thin film squares in the center of each
cruciform.

Microstructural and Chemical Characterization: TEM analysis (FEI Ti-
tan Themis 200 G3 probe-corrected, Thermo Fisher) operated at 200 kV
was performed to determine aluminum grain size and Al/IL thicknesses
after FIB cross-sectioning and lift-out (Tescan Lyra/XMU Dual Beam FIB:
240 pA for rough cutting, 45 pA and lower for polishing). Grain measure-
ments used the line intersect method with a correction factor 𝜋

2
to account

for FIB slicing effects.[58] Orientationmapping was performed in the same
TEM using a NanoMEGAS ASTAR system for scanning precession elec-
tron diffraction (SPED) with a precession angle of 0.6° and a step size
of 2 nm.

Electromechanical Testing: Mechanical testing included uniaxial and
equi-biaxial tensile experiments with in situ X-ray diffraction (XRD)
and electrical resistivity measurements at synchrotron radiation facilities
BESSY II (KMC-2 beamline[74]) and SOLEIL (Diffabs beamline[75]), respec-
tively. XRD (Al (111) Bragg reflection; KMC-2: wavelength 0.128 nm, spot
size 250 μm, Bruker VÅNTEC 2000 detector, 5 𝜓 angles 0°–45°;[74] Dif-
fabs: wave length 0.128 nm, spot size 300 μm, XPAD-S140 detector, sin2𝜓
analysis: 8 𝜓 angles 0°–70°) measured Al lattice strain. During uniaxial
straining, axial and transversal Al lattice strains were measured, parallel
and perpendicular to the tensile direction on two separate samples, re-
spectively. The data evaluation routine for uniaxial measurements is avail-
able at.[76] Data processing used a custom Python 3 routine with pseudo-
Voigt and Pearson VII function fitting. For the uniaxial measurements, a
weighted linear regression was used for peak fitting, therefore focusing on
the fits with higher quality. The error bars for each stress measurement
result from a Gaussian propagation of uncertainty from the fitting error
of the sin2𝜓 slope. For the biaxial measurements, the fitting error of the
sin2𝜓 slope was used for the error bars. Lattice stress was calculated us-
ing X-ray elastic constants (XECs, 1.8436 x 10−5 Pa for untextured Al (111)
reflections,[77] calculated from single-crystal elastic constants via the Hill
model and the software ElastiX[78]). No XRD signal was obtained from the
ALD interlayers due to their low thickness and amorphous nature.

Uniaxial tests utilized an Anton Paar TS600 device (maximum strain
𝜖x,max = 12% (axial) or 𝜖x,max = 8% (transverse), strain rate 4 ×10−5 s−1)
with integrated electrical resistance probes (only utilized in the axial mea-
surement). The equi-biaxial experiment (preload 3 N, maximum strain
𝜖max = 8%, strain rate 3–9×10−6 s−1 (increased in three stages for each ex-

periment)) incorporated a 4-point-probe Van der Pauw resistivity setup.[79]

Digital Image Correlation (DIC, on the backside of the samples)[26] corre-
lated macroscopic (𝜖) to lattice strains.

Post-mortem SEM imaging (Hitachi S-4800, Japan, 10 kV) was used to
image samples post-mortem to obtain crack density and spacing for both
uni- and equi-biaxial samples. FIB cross-sections of samples strained to
12% were imaged to visualize the interlayer and the origin of cracks (TFS
Magellan 400, 7 kV).

Statistical Analysis: For measurements of Al layer thickness and grain
size, 30 measurements were taken from one TEM lamella for each con-
dition and are given as mean ± SD in Table S2 (Supporting Informa-
tion). Both uni- and biaxial stresses and associated full width half maxima
(FWHM) are presented as mean ± SD in Figures 3 and 4, the residual and
yield stresses are also given as mean ± SD in Table S3 (Supporting Infor-
mation). The calculated errors for FWHM and film stress stem from the
fitting error of the pseudo-Voigt and Pearson VII function to the diffraction
peak and the sin2𝜓 linear fit, respectively. For both uni- and biaxial mea-
surements, X error lies within the plotted data points. Errors for the re-
sistance measurements are within 0.003 of R∕R0 (measurement accuracy
according to the datasheet). For crack saturation spacing analysis, pre-
sented in the manuscript in Section 2.4, 40 crack spacings were measured
for each condition from at least 3 different sample regions. To account for
the statistical variance of crack saturation spacing, the mean value + and
– SD was used to calculate crack lengths, which are given as ranges in
Section 3.3 of the manuscript.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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